Current phylogenomic approaches implicitly assume that the predominant phylogenetic signal within a genome reflects the true evolutionary history of organisms, without assessing the confounding effects of gene flow that result in a mosaic of phylogenetic signals that interact with recombinational variation. Here we tested the validity of this assumption with a recombinationaware analysis of whole genome sequences from 27 species of the cat family. We found that the prevailing phylogenetic signal within the autosomes is not always representative of speciation history, due to ancient hybridization throughout felid evolution. Instead, phylogenetic signal was concentrated within large, conserved X-chromosome recombination deserts that exhibited recurrent patterns of strong genetic differentiation and selective sweeps across mammalian orders. By contrast, regions of high recombination were enriched for signatures of ancient gene flow, and these sequences inflated crown-lineage divergence times by ~40%. We conclude that standard phylogenomic approaches to infer the Tree of Life may be highly misleading without considering the genomic partitioning of phylogenetic signal relative to recombination rate, and its interplay with historical hybridization.
Introduction
Efforts to resolve the Tree of Life have been empowered by a major shift towards whole genome phylogenetic inference, or phylogenomics (Delsuc et al. 2005; McCormack et al. 2012; Jarvis et al. 2014; Lamichhaney et al. 2015; Prum et al. 2015; Figueiró et al. 2017; Irisarri et al. 2018 ). Phylogenomic studies typically analyze thousands of orthologous loci or whole genome sequence (wgs) data simultaneously, using concatenation or coalescent methods. This majority rule approach has long been regarded as the most successful way to mitigate the distorting influences of evolutionary noise at individual loci, by assuming that the correct genealogical signal (the 'species tree') will emerge with an ever-increasing amount of data, although this assumption is disputed (Romiguier et al. 2013) . Further, interspecific gene flow is increasingly recognized as an important driver of genomic variation across the Tree of Life (Nadeau et al. 2013; Cahill et al. 2015; Good et al. 2015; Lamichhaney et al. 2015; Nater et al. 2015; Li, Davis, et al. 2016) . As a result, signatures of ancient branching events can be overwritten and effectively erased from chromosomal segments, notably in regions with high rates of meiotic recombination where haplotype blocks are smaller, leading to more localized effect of positive or background selection. A phylogenomic study of Anopheles mosquitoes provided a vivid illustration of this scenario in which autosomal gene trees were homogenized by rampant gene flow, misleading standard phylogenomic inference (Fontaine et al. 2015) . The correct species tree signal was instead enriched within the smaller X chromosome, consistent with the large Xeffect, which states that the X chromosome is enriched for genetic elements with large effects on reducing hybrid reproductive fitness (Presgraves 2008; Larson et al. 2017; Presgraves 2018) . In that case, the species tree was determined by demonstrating that nodes on the X chromosome phylogeny were significantly older than their alternative counterparts in the most frequent autosomal topology. Furthermore, the inferred species tree was enriched within a region of the X chromosome known to harbor reproductive isolation loci. Whether this surprising finding in mosquitos was exceptional for that group of insects, or is typical of other taxonomic lineages, is unknown.
Given the demonstrable impact that gene flow may have on genome-wide patterns of phylogenetic variation, and the contrasting patterns of genetic differentiation between autosomes (less) and sex chromosomes (greater) that are predicted by the large X-effect (Presgraves 2018), we hypothesized that applying standard majority rule phylogenomic approaches may be highly misleading when applied to taxa with complex speciation histories. Here we tested this hypothesis by analyzing the genomes of 27 species of the cat family (Felidae), a mammalian radiation characterized by notoriously difficult phylogenetic problems (Johnson et al. 2006; Li, Davis, et al. 2016) . Previous studies have consistently partitioned the 41 currently recognized felid species into eight clades that radiated rapidly during the mid-late Miocene (Johnson et al. 2006) (Fig. 1) . However, phylogenies constructed from separate mitogenome, autosomal, and sex chromosome partitions have displayed strongly supported differences within and between the eight clades, which may be driven by complex effects of sex-biased dispersal, gene flow, demography, and/or selection (Johnson et al. 2006; Luo et al. 2014; Li, Davis, et al. 2016) .
Indeed, studies utilizing nuclear SNP markers have demonstrated that many discordant phylogeographic patterns within felids inferred from mitochondrial DNA data were likely due to interspecific gene flow ( Fig. 1) (Davis et al. 2010; Li, Davis, et al. 2016; Figueiró et al. 2017 ).
Likewise, the phylogeny derived from the paternally inherited Y chromosome was similar in many respects to the autosomal tree, but was also shown to be influenced by sex-biased dispersal and ancient gene flow (Luo et al. 2014; Li, Davis, et al. 2016) . Biogeographic reconstructions of the early felid radiation revealed that the ancestors of all eight extant clades evolved in Eurasia, most likely in sympatry or parapatry, before dispersing across the globe (Li, Davis, et al. 2016 ).
Taken together, previous studies suggest a scenario for the evolution of extant felid clades that is consistent with a history of divergence with gene flow.
An important genetic parameter that influences assessments of gene flow, incomplete lineage sorting (ILS), and genetic diversity is the local rate of recombination (Ortíz-Barrientos et al. 2002; Hobolth et al. 2011; Nachman and Payseur 2012; Mailund et al. 2014; Burri et al. 2015; Payseur and Rieseberg 2016) . This rate strongly influences how genealogical histories are distributed across chromosomes, as non-species trees are more likely to persist within regions with high recombination rates because deleterious alleles become effectively unlinked from neutral or positively selected variants (Brandvain et al. 2014; Schumer et al. 2018) . However, recombination rate is generally not considered when selecting phylogenetic markers in spite of its predicted influence on phylogenetic discordance and estimates of divergence times across the genome (Schierup and Hein 2000; Ortíz-Barrientos et al. 2002; Posada and Crandall 2002; Lemey and Posada 2009 ). Specifically, few empirical studies have examined the direct impact of recombination rate on phylogenetic inference within rapidly diverging, speciose clades with histories of admixture, likely due to the rarity of recombination maps for the vast majority of organisms (but see (Pease and Hahn 2013) ).
To more thoroughly understand the interplay between local recombination rates, inferred interspecies gene flow and phylogenomic resolution in the cat family, we analyzed the distribution of phylogenetic signal across the genomes of 27 felid species in the context of recombination rates inferred from high-resolution linkage maps for the domestic cat (MenottiRaymond et al. 1999; Menotti-Raymond et al. 2003; Li, Hillier, et al. 2016) . We found that phylogenomic signal is strongly influenced by ancient admixture, that it is partitioned within the nuclear genome by local recombination rates, and that the inferred species branching events are enriched on the X chromosome. Molecular dating results were also strongly influenced by ancient gene flow, leading to overestimation of divergence times from regions of high recombination that are enriched for multiple, discordant phylogenies. Our results offer wholegenome evidence that diversification in the presence of gene flow can distort phylogenetic signal throughout the majority of the genome, potentially leaving the most accurate depiction of ancient branching events within only a small fraction of the nuclear genome.
Results
We generated new whole-genome sequences for 14 felid species, and combined them with published genomes for 13 other felids, producing an alignment for 27 felids that spanned 1.5-Gb, or 57% of the domestic cat euchromatic reference assembly (Table S1 ). To identify regional variation in phylogenetic signal, we partitioned the 18 autosomes and the X chromosome (chrX) into 23,707 non-overlapping windows of 100 kilobases (kb) and performed maximum likelihood (ML) phylogenetic inference on each window. We also evaluated smaller window sizes (50-kb), which produced similar results (Fig. S1 ). We also separately explored the phylogenetic signal in the autosomes and chrX, with each partition divided into regions of low versus high recombination rate inferred from high-resolution linkage maps (Li, Hillier, et al. 2016) . Given the robust support for the monophyly of the eight main felid clades (Johnson et al. 2006; Walters-Conte et al. 2014; Li, Davis, et al. 2016 ), we present results from analyses performed in two stages. First, we present genome-wide analyses of topological frequency and divergence time variation to identify the most probable branching order within the six clades for which we had sequence data from at least three species. We reasoned that within-clade analyses (i.e. assessing recently diverged species) would minimize the impact of homoplasy and putative ancient (interclade) gene flow on observed patterns of variation and estimated divergence times (Posada 2000; Lemey and Posada 2009 ). We then followed up with an analysis of interclade relationships, selecting two species from each of the eight clades (with the exception of the Caracal clade, represented only by the serval), spanning the oldest crown node of each clade. For the latter analysis, we predicted that the impacts of a longer history of gene flow and recombination between lineages would produce higher levels of apparent homoplasy, leading to phylogenetic distortion and age inflation for each clade's crown node.
Intraclade phylogeny
Maximum likelihood estimation of phylogeny for autosomal windows confirmed a highly supported tree for each of the six felid clades for which there were at least three sampled species ( Fig. 2A, Fig. S1 ). These results corroborated relationships observed in earlier phylogenetic studies that combined autosomal and sex chromosome sequences into a single supermatrix (Johnson et al. 2006) . However, in half of the assessed felid clades, the frequency-based rank order of the top three topologies inferred from low-recombining regions of chrX (LRchrX) was strikingly different from the autosomal signal ( Fig. 2A, Fig. S1 ). Furthermore, the distribution of the most frequently observed chrX trees was non-randomly distributed, with an alternative topology enriched within one or more multi-megabase spans of extremely reduced recombination (Fig. 2B ). In such a case, which of the alternative topologies is most likely to be the species tree?
The large X-effect predicts that the original branching history should be enriched on chrX, and previous studies indicate that low-recombining regions are more likely to retain the species tree because selection is more effective at removing weakly deleterious alleles (Nachman and Payseur 2012; Pease and Hahn 2013) . This feature would enhance the probability of removing introgressed genomic blocks, since they are likely to contain alleles that are deleterious in their new genetic background. By contrast, non-species trees resulting from hybridization will tend to be enriched within regions displaying high recombination rates, because introgressed deleterious alleles are more efficiently unlinked from neutral or positively selected variants (Brandvain et al. 2014; Schumer et al. 2018) . This would facilitate the incorporation of genomic blocks containing the latter two types of introgressed alleles in the descendant population. An additional criterion for determining the original branching events is the prediction that non-species trees with alternative relationships that are younger than their species-tree counterparts would likely be derived from post-speciation gene flow between non-sister taxa (Joly et al. 2009 ). In contrast, non-species trees that result from ILS should present divergence times at focal nodes (i.e. those defining competing relationships) that are older than those in the species tree.
The third (and perhaps most commonly applied) criterion is the frequency of alternative trees relative to the inferred species tree, with ILS expected to generate non-species trees that are less prevalent than (or at most as prevalent as) the species tree. However, if post-speciation gene flow is the primary driver of genealogical discordance, the frequency of non-species trees could be considerably higher than the original branching signal (Fontaine et al. 2015) .
Given these alternative predictions, and considering that age would be a key criterion to distinguish alternative scenarios (Joly et al. 2009; Fontaine et al. 2015) , we estimated divergence times for the two competing hypotheses for each of the three felid lineages in Figure 2 which showed a marked genealogical disparity between the autosomes and chrX. We selected time estimated under a relaxed molecular clock (Drummond et al. 2006 ), using a standardized calibration, because raw sequence divergence levels may lead to overestimation of divergence time due to site-specific and/or lineage-specific rate heterogeneity. If the topology that predominated within LRchrX had a divergence time that was significantly younger than the most frequent tree in the remainder of the genome, this would be consistent with a scenario of postspeciation gene flow. In contrast, if the topology enriched within the LRchrX was older than the alternative topology, it would likely reflect a remnant of the original branching event.
In the Asian leopard cat and Lynx clades, the mean divergence time of the focal node for the most common topology in LRchrX (trees 3 and 2, respectively) was significantly older than that of the most common genome-wide topology (Figs. 3A & B) , suggesting that the LRchrX tree reflected the ancient species branching relationships. Similarly, in other felid clades (except genus Panthera, Fig. 3C ), we found that the inferred species tree was enriched within the LRchrX relative to high-recombination regions (Table S2) . On the autosomes, trees supporting the inferred species branching history for the Asian leopard cat and Lynx clades were significantly less frequent (Figure 2 ), but still possessed the oldest divergence times (Figures 3A&B). Windows containing these trees also had significantly lower recombination rates than those supporting the most common topology (tree 1) ( Table 1) . These results support our inference that the tree enriched within LRchrX represents the correct species branching relationships for these two clades, and that species trees in general persist within regions of reduced recombination.
The exceptional result for Panthera may have several explanations. In our previous studies of introgression within this genus (Li, Davis, et al. 2016; Figueiró et al. 2017) we demonstrated that divergence times for non-species trees were significantly reduced within the largest recombination cold spot on chrX due to selection-driven admixture, and we identified candidate loci that may have driven this sweep. Given this result, we inferred at the time that trees showing lion+jaguar as sister species were not the species tree, even though this particular topology was actually enriched within low-recombining regions throughout the genome (Figueiró et al. 2017) , in contrast to theoretical expectations. However, it is possible that the lion+jaguar topology is the actual species tree, in spite of being less frequent in the genome.
Indeed, windows supporting this topology have lower recombination rates on both the autosomes and chrX (Table 1) . Such a result could be explained if there was post-speciation gene flow between sister species, resulting in much lower divergence times in low-recombining regions of chrX ( Fig. 3C ) in regions previously characterized by selective sweeps. In addition, it is noteworthy that Panthera tree topologies within the largest recombination cold spot on chrX are very compressed, raising the possibility that one or more selective sweeps occurred in the common ancestor of Panthera and/or throughout the divergence of the genus, leading to the consistently reduced divergence times we observe in this region ( Figure 3C ) (Nachman and Payseur 2012; O'Fallon 2013) .
Interclade phylogeny
Next, we explored the effect of recombination rate and mode of inheritance on the branching relationships of the eight main felid clades (Figure 1 ). When we divided chrX into low-versus high-recombination regions, ML trees from the high-recombination regions of chrX were identical to that of the autosomal partitions (separate or combined) and possessed very high bootstrap support (Fig. 4A ). By contrast, the LRchrX tree relationships were also strongly supported, and differed from the chrX high-recombination region trees by both topology (i.e., the position of Asian golden cat and ocelot lineages) and most notably, branch lengths (Fig. 4A) , indicating the signatures of two highly supported alternative phylogenetic histories for the cat family that were partitioned by recombination rates. The four most common topologies on chrX made up >95% of the chromosome (Fig. 4B) . Interestingly, 99.7% of windows that supported Tree 1 were confined to the two largest recombination coldspots, whereas Trees 3 and 4 were largely restricted to regions characterized by high recombination rate, notably the pseudoautosomal region. Tree 2 was restricted to transitional regions between the lowest and highest recombination rates. Therefore, similar to our findings within the different felid clades, the LRchrX possessed a very distinct phylogenetic signal from high recombining regions on the same chromosome, as well as the autosomes.
Recombination influences phylogeny and divergence time estimation
Interspecific gene flow has predictable distorting effects on phylogeny (Posada and Crandall 2002; Lemey and Posada 2009) , and this information can be used to assist in determining the most likely interclade branching events and divergence times. Frequent genetic exchange may produce star-like phylogenies when adjacent sites with different histories are combined. This has the specific effect of compressing internal branch lengths (ibl) relative to external branches (ebl), with this distortion being proportional to the topological distance between the hybridizing lineages (Schierup and Hein 2000; Lemey and Posada 2009 ). As a result, simulation studies have shown that phylogenies constructed from segments of the genome with larger numbers of sites reflecting discordant evolutionary histories are predicted to possess lower values of the alpha (shape) parameter of the gamma distribution of rate variation among sites, as multiple changes will be required at some sites to compensate for apparent homoplasy (Lemey and Posada 2009 ). Therefore, we calculated both alpha and the ebl/ibl ratio for the four most common topologies on chrX (Fig. 4B) , and showed that both parameters were strongly influenced by the local recombination rate. ML analyses of high-recombination windows (Trees 3 and 4) produced more star-like trees, with 1.7-fold higher ratios of external to internal branch lengths, and threefold lower alpha values than trees produced from recombination cold spots (Fig. 4A&B) , confirming predictions based on simulations (Schierup and Hein 2000; Lemey and Posada 2009 ). Our findings accord well with previous gene-centric phylogenomic studies which suggested that genes with high GC content (which has been reported to correlate with high rates of meiotic recombination) were associated with increased phylogenetic conflict (Romiguier et al. 2013; Shen et al. 2016 ).
We then assessed the effects of local recombination rates along chrX on the distribution of divergence time estimates for crown felid lineages (Fig. 4B , Table S3 ). The windows with the highest recombination rates on chrX contain a higher proportion of mixed phylogenetic signals from interspecific gene flow, and accordingly produced divergence times as much as 69% older than estimates derived from the LRchrX (tree 1). This fits the prediction that many apparent homoplasies are introduced on branches affected by gene flow (Lemey and Posada 2009 ).
Previous phylogenetic studies comparing molecular divergence times for felid lineages with estimates from the fossil record noted that the latter underestimated, on average, the first occurrence of crown felid clades by 76% (Johnson et al. 2006; Li, Davis, et al. 2016) . This assumes that these previous molecular dates represent unbiased estimates of divergence time. By comparison, our revised divergence times from the LRchrX mitigate the distorting effects of recombinant sequences and remove much of the previously implied ghost lineage history for different felid clades. Our revised molecular divergence time estimates from LRchrX are thus in much stronger agreement with known felid fossils from each clade (Table S3 ) (Johnson et al. 2006 ).
Tests for gene flow and genomic distribution of admixture signatures
While incomplete lineage sorting certainly underpins some weakly-resolved aspects of discordant branching patterns within and between clades, it is unlikely to be responsible for the striking differences we observed between the autosomes and chrX. Previous analyses that applied moderate-density SNP variation to resolve felid phylogenetic relationships provided strong evidence for ancient, interspecies gene flow within several of the main felid clades (Li, Davis, et al. 2016) . Here, we applied a combination of four-and five-taxon D-statistic tests to our whole-genome sequence data, assuming the LRchrX tree as the species phylogeny, to reexamine these results at much higher resolution, and to assess the possibility that gene flow between the ancestors of the eight modern felid clades was the proximate cause of previous difficulties resolving these early branching events. Our results provide significant evidence for ancient hybridization within and between nearly all clades of the Felidae (Fig. 5, Table S4 ). The observed patterns of ancient interspecific gene flow within each of the felid clades support and extend earlier findings from nuclear SNP datasets (Walters-Conte et al. 2014; Li, Davis, et al. 2016 ). For example, the intra-clade gene flow evident between the Asian leopard cat and both Fishing cat and Rusty spotted cat reconciles the discordant phylogeographic patterns of mitochondrial haplotypes observed in prior studies (Walters-Conte et al. 2014; Li, Davis, et al. 2016 ) that likely result from mitochondrial capture. Similarly, previous whole genome-based demographic evidence supported a scenario of historic gene flow between the Iberian lynx and Eurasian lynx (Abascal et al. 2016) , consistent with our D statistic-based inferences of strong gene flow between the two species.
We also quantified and mapped inter-clade introgressed blocks using five-taxon comparisons performed with the software Dfoil, and observed striking patterns of ancient admixture, indicating that unique signatures of ancient introgression are consistently retained in each descendant species (Fig. 6, Figs. S2-S4 ). For example, we examined three different inferred episodes of ancient inter-clade admixture involving the Asian Golden Cat (AGC) clade, in one case connecting it to the Lynx clade, in another to the Domestic cat clade, and in the third to the Asian leopard cat clade (Fig. 6) . In each case, we focused on the most widespread signatures of introgression, which connected the ancestor of the two extant species of the other clade and each of the sampled species of the AGC clade. Due to a limitation of the Dfoil method, we could not directly assess hybridization between the two ancestral branches (one from each clade), and thus indirectly investigated these episodes via the present-day signatures remaining in each of the two sampled species of the AGC clade. Remarkably, in all three cases, one of the species (marbled cat) consistently retains a larger number of introgressed segments, which are present across all chromosomes but tend to be concentrated in higher-recombination, telomeric regions. The other species (Asian golden cat) consistently retains fewer segments from each of the three ancient episodes, and these segments are more evenly-distributed across the genome (Fig. 6) .
Such a consistent difference suggests that these two species have distinct genetic/evolutionary properties (e.g., demographic history and effective population size (Ne)) that lead them to retain different signatures of ancient introgression (putatively from the same episodes, preceding their divergence from each other). To investigate this hypothesis, we performed PSMC analyses for these two species (Fig. S5) , and observed distinct trajectories, with the Asian golden cat tending to have a larger historical and recent Ne, relative to the marbled cat. Although this past demographic trend may not have had a direct influence on the observed difference in introgression signatures, it raises the hypothesis that Ne differences not only affect the immediate fitness consequences of hybridization (Schumer et al. 2018 ), but may also shape present-day signatures of ancient hybridization events through their effect on genetic drift (and thus retention of alternative haplotypes present in the population). If this hypothesis is affirmed by future assessments, it would imply an additional layer of complexity for phylogenomic inference, since the demographic history of present-day species (and its interplay with selection and recombination) would influence the magnitude and pattern of retention of alternative genealogies, potentially leading to considerably different results depending on the species that is sampled to represent a given clade.
Discussion
Our results provide empirical support for the large X-effect within members of the cat family, where regions of suppressed recombination on chrX are enriched for the original species branching relationships and display greater differentiation between closely related species than high-recombination regions on the same chromosome. Previous studies have demonstrated that low-recombining regions should retain ancient branching events in the presence of gene flow, as linkage disequilibrium with genes contributing to reproductive isolation that accumulate within such regions would lead to removal of deleterious alleles introduced through hybridization (Nachman and Payseur 2012; Pease and Hahn 2013) . Within the domestic cat genome, the multimegabase chrX recombination cold spots are by far the largest, and possess much lower levels of recombination than are observed on any autosomes (Li, Hillier, et al. 2016) . While numerous empirical studies have associated genes contributing to reproductive isolation with chromosomal inversions that suppress recombination, within felids there are no such inversions that we could attribute to the large chrX recombination cold spots. So what other evolutionary mechanisms might be responsible for such a large region of significantly reduced recombination that retains species branching histories? X chromosome collinearity is unique among eutherian mammal chromosomes in its exceptional conservation, and the gene order we observe across the massive recombination cold spots in cats is conserved between numerous eutherian mammals (Murphy et al. 1999; Raudsepp et al. 2004; O'Brien et al. 2006; Delgado et al. 2009; Ma et al. 2010) . We compared the highresolution recombination and physical maps available for human (Nagaraja et al. 1997) , cat (Li, Hillier, et al. 2016 ) and pig (Ma et al. 2010 ) and observed a remarkable conservation of recombination rate profiles across chrX (Fig. 7) that span more than 180 million years of divergence (Meredith et al. 2011) . While the distribution and pattern of recombination rates have been shown to persist at megabase levels between human and chimpanzees (Paigen and Petkov 2010) , there is no precedent for such extreme conservation across deep timescales. Intriguingly, the largest 40 Mb recombination coldspot in the center of chrX preserves independent signals of putative selective sweeps, with nearly identical, orthologous breakpoints in Panthera and in pigs (Ai et al. 2015; Li, Davis, et al. 2016; Figueiró et al. 2017) . This large region also largely overlaps syntenic segments in primates marked by selective sweeps, and extended regions of strong genetic differentiation between subspecies and species of rabbits and sheep with similar boundaries (Carneiro et al. 2010; Carneiro et al. 2014; Chen et al. 2018 ) Nam et al. 2015) . A previous study also found that the same recombination coldspot was among the most strongly differentiated genomic regions distinguishing domestic cats from their wild progenitors (Montague et al. 2014 ).
It would appear unlikely that the loci driving these signatures of genetic differentiation are identical, considering that more than 500 genes reside within the interval. However, there are notable functional features that are dispersed centrally within and adjacent to the conserved recombination coldspot that merit consideration as drivers of the recurrent patterns of strong genetic differentiation we observe across divergent mammalian orders. The X chromosome inactivation center (XIC), which encodes non-coding RNA loci that initiate and maintain female X chromosome silencing, lies within the center of the largest recombination coldspot. Extending outward from the XIC are multiple, dispersed loci that are known to physically interact to aid in the formation of the 3-dimensional structure of the inactive X chromosome (i.e., the Barr body) in female therian mammals (Deng et al. 2015; Darrow et al. 2016; Giorgetti et al. 2016; Jégu et al. 2017; Wang et al. 2018) . It is noteworthy that these recombination coldspots are also flanked by conserved regions of extremely elevated recombination rate (Fig. 7) . Collectively, these observations suggest that exceptional structural and functional constraints, such as those imparted by X chromosome inactivation, have preserved long-range gene order and recombination patterns over such large evolutionary distances (Pál and Hurst 2003) , and may provide a genomic environment that is favorable for the accumulation of reproductive isolation loci. Future studies will be necessary to better understand the mechanistic and evolutionary basis for the conservation of chrX recombination patterns, and whether similar patterns of species tree retention within LRchrX are more taxonomically widespread.
Conclusions
In summary, our findings show striking parallels to the phylogenomic study of mosquitoes that demonstrated that the majority of the species-tree signal was retained within a minority of the genome, the X chromosome (Fontaine et al. 2015) . This phylogenomic pattern, likely a consequence of the large role of the X chromosome in reproductive isolation (Presgraves 2008; Presgraves 2018) , calls into question the validity of majority rule approaches for phylogenetic inference in taxonomic lineages with sex chromosomes that exhibit interspecific gene flow. It is clear that X-linkage is alone not predictive of the species tree, as species-tree and non-speciestree topologies are non-randomly distributed on chrX, with the inferred species tree enriched only within regions with extremely reduced recombination. We have also demonstrated a strong topological bias that results from using phylogenies derived from high-recombination regions to estimate divergence time within clades with reticulate evolutionary histories. Phylogenies inferred from these regions are generally compressed, which artificially leads to a reduction of divergence times at the root and an inflation of divergence time for crown clades near the tips (Posada 2000; Schierup and Hein 2000) . This raises the prospect that some described 'star-like' phylogenies might be artifacts resulting from combined effects of selecting phylogenetic markers from regions of elevated recombination rate that contained mixed histories derived from historical/contemporary gene flow. Accounting for this bias may play a central role in resolving conflicts between molecular divergence times and paleontological estimates for taxon originations (Meredith et al. 2011; dos Reis et al. 2012; Liu et al. 2017; Springer et al. 2017) , thus contributing to a substantially more accurate reconstruction of the history of life.
Materials and methods

Sampling and sequencing:
We isolated genomic DNA from cultured fibroblast cells or frozen tissue from 14 wild felid Illumina fragment libraries (~300-bp average insert size) were prepared for each DNA sample and sequenced to ~30× genome-wide depth of coverage with 2×125-bp reads on the Illumina HiSeq4000 platform. We combined these new data with published genomes from 13 other felids: domestic cat, Felis catus (Montague et al. 2014) ; Sand cat, Felis margarita (Li, Davis, et al. 2016 ); Black-footed cat, Felis nigripes (Li, Davis, et al. 2016) ; Jungle cat, Felis chaus (Li, Davis, et al. 2016 ); Leopard cat, Prionailurus bengalensis (Li, Davis, et al. 2016) ; Eurasian lynx, Lynx lynx (Abascal et al. 2016) ; Iberian lynx, Lynx pardinus (Abascal et al. 2016) ; Cheetah, Acinonyx jubatus (Dobrynin et al. 2015) ; tiger, Panthera tigris (Cho et al. 2013) ; snow leopard, Panthera uncia (Cho et al. 2013) , lion, Panthera leo (Cho et al. 2013) ; jaguar, Panthera onca (Figueiró et al. 2017) ; and leopard, Panthera pardus (Figueiró et al. 2017) . These 27 species sample the main eight felid clades (Johnson et al. 2006) , and comprise 77% of all currently recognized living cat species.
Sequence QC and read mapping:
All raw reads were trimmed using Trim Galore (http://www.bioinformatics.babraham.ac.uk/ projects/trim_galore). Trimmed and filtered reads were mapped to a repeatmasked version of the domestic cat genome (v8.0), which was assembled under the guidance of a high-resolution SNP array-based linkage map (Li, Hillier, et al. 2016) . Sequence alignment was carried out using BWA with previously described mapping parameters (Li, Davis, et al. 2016 ). We applied the standard GATK pipeline (https://software.broadinstitute.org/gatk/) to remove PCR duplicates, perform local realignment, and calculate base quality score recalibration (BQSR).
Genome Alignment and Phylogenomic Analysis:
We used ANGSD (Korneliussen et al. 2014 ) to generate consensus pseudohaploid variant calls for each species, with minimum mapping quality set to 30, and minimum base quality set to 20. Segmental duplications and other highly repetitive regions evolve rapidly, make up as much as 5% of a mammalian genome, and collapse into single locations in short-read Illumina assemblies. Because these collapsed duplications can introduce errors into variant calling and grossly bias branch length estimation, we applied CNVnator (Abyzov et al. 2011) to identify and exclude all alignment regions with read depth greater than 150% or less than 50% of the genomewide average in one or more species.
We evaluated the mapping quality of non-domestic felid sequence reads against the Felis catus v8 reference (Li, Hillier, et al. 2016) , by comparison to variants called from alignment of the de novo assembly scaffolds/contigs. We used SOAPdenovo2 (Luo et al. 2012 ) to generate a primary de novo assembly (k-mer size of 31), then aligned all filtered contigs to the domestic cat repeatmasked reference genome. In the filtration step, all contigs <300-bp were removed. We used the whole genome aligner LAST (Kiełbasa et al. 2011 ) to perform pairwise alignments of the filtered assembly contigs.
We used RAxML (Stamatakis 2014) to perform maximum likelihood (ML) tree searches (GTR+GAMMA model of sequence evolution) and estimate the alpha parameter of the gamma distribution. Nodal support was estimated with 200 bootstrap replicates. We performed sliding window-based estimation of phylogeny and divergence times across the 27-species whole genome alignment. Alignment blocks were created and analyzed in non-overlapping, 100-kb contiguous windows across the whole genome alignment. We evaluated smaller (Fig. S1 ) and larger block sizes, and this had little effect on topology frequencies, therefore the 100-kb block size was used for all subsequent analyses. MCMCTree was used to calculate the relative divergence time for each node with known fossil calibrations (Johnson et al. 2006 ). Analyses were run for 100,000 generations, with burn-in set to 10,000 generations, and autocorrelated rates.
D statistics:
We applied methods that utilize patterns in DNA sequence variation to detect hybridization over evolutionary timescales, as implemented in ANGSD (Korneliussen et al. 2014) . Specifically, we calculated D statistics and Z-scores with the ABBA/BABA method (Green et al. 2010) , which identifies imbalances in alternative topology frequencies under a four-taxon scenario (three ingroup taxa and one outgroup) (Table S4 ). Pseudohaploid sequences were generated from each genome assembly. The statistical significance of the Z-score was assessed with a block jackknife test (5-Mb block size for autosomes and 10-Mb block size for chromosome X). In addition, we used DFOIL (Pease and Hahn 2015) to estimate D-statistics with 5-taxon data sets (four ingroup taxa with symmetrical relationships and one outgroup) and 100-kb non-overlapping windows. We focused on taxon combinations that could test inter-lineage introgression episodes (hypothesized based on the results from the standard 4-taxon ABBA-BABA tests). We used the DFOIL approach to quantify the introgressed blocks (number of 100-kb windows per 10-Mb segment) and to map their chromosomal locations (using the domestic cat assembly coordinates) (Figs S2-S4).
Demographic History:
We applied the pairwise sequentially Markovian coalescent (PSMC) (Li and Durbin 2011) method to infer the historical demography of two cat species (Asian golden cat and marbled cat) that exhibited distinct results in the DFOIL analysis. To call diploid sequences, we generated de novo assemblies using SOAPdenovo2 (Luo et al. 2012 ) with kmer=31. Illumina sequences were mapped to their own de novo genome assembly using BWA with default parameter settings.
SAMTOOLS was used to estimate average mapping coverage, and to call and filter nucleotide variants. Genomic regions with less than half or more than twice the average whole genome mapping depth were excluded from the final analysis. We applied a mutation rate of 1x10 -8 and published generation times for both species (Sunquist and Sunquist 2017) . The consistency of the PSMC results was assessed by performing 100 bootstrap replicates.
Genome recombination rate:
We used a high-density domestic cat linkage map (Li, Hillier, et al. 2016 ) to plot recombination rate variation (cM/Mb) across the genome in non-overlapping 500-Kb windows.
We calculated the regional average recombination rate within sliding 2-Mb blocks. (Li, Davis, et al. 2016) , 2) biparentally inherited SNP markers (Li, Davis, et al. 2016) , and 3) paternally inherited Y chromosome sequences (Johnson et al. 2006; Luo et al. 2014 ). lineages, the most frequent topology in LRchrX (gray or orange, respectively) has significantly older divergence times than those estimated for topology 1 (blue) (Mann-Whitney U test, ***P<0.001, **P<0.01, *P<0.05, ns=not significant, na=not analyzed due to too few windows).
Figure Legends
For the Panthera genus (C), divergence time estimates from LRchrX are consistent with recent hybridization between lion and jaguar, followed by selection-driven introgression (Figueiró et al. 2017) . Asterisks indicate species that were included in the inter-lineage comparisons shown in Figure 6 . (Li, Hillier, et al. 2016) , pig (Fernández et al. 2014 ) and human (Nagaraja et al. 1997) . Images are reproduced from the original publications (including lettered notations that refer to shifts in recombination rate). Red boxes highlight conserved, syntenic regions of elevated recombination rate, while yellow boxes highlight conserved syntenic regions of reduced recombination rate. T1  T2  T3  T1  T2  T3  T1  T2  T3  T1  T2 T1  T2  T3  T1  T2  T3  T1  T2  T3  T1  T2  T3   T1  T2  T3  T1  T2  T3  T1  T2  T3  T1  T2  T3   T1  T2  T3  T1  T2  T3  T1  T2  T3  T1  T2  T3   T1  T2  T3  T1  T2  T3  T1  T2  T3  T1  T2 T1  T2  T3  T1  T2  T3  T1  T2  T3  T1  T2 
